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Abstract: The relative Lewis basicities
of six Al(ORF)4

ÿ ions, Al{OC(CH3)-
(CF3)2}4

ÿ, Al{OC(CF3)3}4
ÿ, Al{OCPh-

(CF3)2}4
ÿ, Al{OC{4-C6H4(tBu)}(CF3)2}4

ÿ,
Al{OC(Cy)(CF3)2}4

ÿ, and Al{OCPh2-
(CF3)}4

ÿ, have been determined by
measuring their relative coordinating
abilities towards Li� in dichlorome-

thane. The relative Li� Lewis basicities
of the Al(ORF)4

ÿ ions are linearly re-
lated to the aqueous pKa values of the
corresponding parent HORF fluoroalco-

hols. The Lewis basicity of Al{OCH-
(CF3)2}4

ÿ could not be measured because
two of these anions can coordinate to
one Li� cation. The structures of LiAl-
{OCH(CF3)2}4 and [1-Et-3-Me-1,3-C3-
H3N2][Li{Al{OCH(CF3)2}4}2] were de-
termined.

Keywords: alkoxides ´ aluminum ´
basicity ´ Lewis acids ´ lithium

Introduction

The synthesis and applications of superweak anions[1, 2] that
are thermally, chemically, and electrochemically robust has
been an active endeavor in many laboratories during the past
decade.[2, 3] One relatively new class of superweak anions is
based on monodentate polyfluoroalkoxide and -aryloxide
substituents and includes B{OCH(CF3)2}4

ÿ,[4] Al{OCR-
(CF3)2}4

ÿ (R�H,[5±9] CH3,[5±9] Cy,[8, 9] Ph,[5, 7±9] 4-C6H4CH3,[8, 9]

4-C6H4(tBu),[8, 9] CF3,[4, 5, 8, 9]) Al{OCPh2(CF3)}4
ÿ,[8, 9] Al(OC6-

F5)4
ÿ,[11] Nb(OC6F5)6

ÿ,[11] and Nb{OCH(CF3)2}6
ÿ.[12] The lith-

ium salt of the Al{OCPh(CF3)2}4
ÿ ion is an active Lewis acid

catalyst in toluene for the 1,4-conjugate addition of silyl
ketene acetals to a,b-unsaturated carbonyls and for the direct
substitution of allylic acetates by silyl ketene acetals.[10] In
addition, a solution of LiAl{OC(CF3)3}4 in 1,2-dimethoxy-
ethane (DME; 0.01m) has a direct current (dc) conductivity
that is nearly 100 times higher than a solution of LiCF3SO3 in
DME (0.01m).[13]

We are investigating the relative Lewis basicities of
Al(ORF)4

ÿ superweak ions and the relative Lewis acidities

of LiAl(ORF)4 compounds. In this paper, we report the
relative Lewis basicities of six Al(ORF)4

ÿ ions, Al(hftb)4
ÿ,

Al(pftb)4
ÿ, Al(hfpp)4

ÿ, Al(hfBupp)4
ÿ, Al(hfcp)4

ÿ, and Al-
(dpte)4

ÿ (HFTBÿ�OC(CH3)(CF3)2
ÿ ; PFTBÿ�OC(CF3)3

ÿ ;
HFPPÿ�OCPh(CF3)2

ÿ ; HFBuPPÿ�OC{4-C6H4(tBu)}-
(CF3)2

ÿ ; HFCPÿ�OC(Cy)(CF3)2
ÿ ; DPTEÿ�OCPh2(CF3)ÿ).

The measurement of the relative Lewis basicity of Al(hfip)4
ÿ

was not possible because, unlike the other six Al(ORF)4
ÿ

examined in this study, two Al(hfip)4
ÿ can simultaneously

coordinate to one Li� cation (HFIPÿ�OCH(CF3)2
ÿ). In the

course of investigating this anomaly, the structures of
LiAl(hfip)4 and [EMI][Li{Al(hfip)4}2] were determined
(EMI�� 1-Et-3-Me-1,3-C3H3N2

�).

Experimental Section

Materials and reagents : All preparations and physical measurements were
carried out with rigorous exclusion of air and water. Schlenk or glovebox
techniques were employed, with purified nitrogen, helium, or argon used
when an inert atmosphere was required. All reagents and solvents were
reagent grade or better. The compounds N(nBu)4Cl (Aldrich, �99%) and
[EMI]Cl (Aldrich, �98%) were used as received. The compound LiAlH4

(Aldrich) was recrystallized from diethyl ether and stored in a Vacuum
Atmospheres glovebox. The polyfluoroalcohols H(HFIP), H(HFPP)
(Central Glass), H(HFTB) (Fluorochem USA), and H(PFTB) (Fluoro-
chem USA) were dried over activated 4 � molecular sieves and vacuum
distilled. The polyfluoroalcohols H(HFCP), H(DPTE), and H(HFBuPP)
were prepared and dried by literature procedures.[8] Distilled water was
purified and deionized (to 18 MW) with a Barnstead Nanopure purification
system. The following solvents were purified by distillation under nitrogen
or under vacuum from the indicated drying agent: benzene (Na); hexanes
(Na); diethyl ether (Na); 1,1,2-C3Cl3F3 (P2O5); acetonitrile (P2O5);
dimethylsulfoxide (activated 13X molecular sieves); dichloromethane
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(P2O5); [D2]dichloromethane (Cambridge, >99 % D; P2O5), hexafluoro-
benzene (P2O5). The compounds LiAl(hftb)4, LiAl(pftb)4, LiAl(hfpp)4,
LiAl(hfBupp)4, LiAl(hfcp)4, and LiAl(dpte)4 were prepared by literature
procedures.[5±8]

Preparation of LiAl(hfip)4 : The compound LiAl(hfip)4 was prepared by
treating a suspension of LiAlH4 (0.552 g, 14.5 mmol) in 1,1,2-C2Cl3F3

(100 mL) at 0 8C with a solution of HOCH(CF3)2 (12.2 g, 72.6 mmol) in
1,1,2-C2Cl3F3 (20 mL). The solution was added dropwise over 10 min and
was vigorously stirred at 0 8C for 18 h and at 25 8C for an additional six days.
After this time, all volatiles were removed under vacuum from the reaction
mixture, leaving 9.6 g of the white microcrystalline compound LiAl(hfip)4

(94 % yield). NMR spectral data for this compound are listed in Table 1.
The purity of the compound, �99%, was judged by the absence of 1H and
19F NMR resonances and mass spectral peaks due to likely impurities such
as AlHn(hfip)4ÿn

ÿ (n� 1,2,3), AlF(hfip)3
ÿ, and Al(OH)(hfip)3

ÿ.

Preparation of [EMI][Al(hfip)4]: The compound [EMI][Al(hfip)4] was
prepared by mixing LiAl(hfip)4 (0.101 g, 0.143 mmol) and [EMI]Cl
(0.021 g, 0.14 mmol) in dichloromethane (20 mL) for 18 h at 25 8C. The
resulting suspension was filtered through Celite and solvent was removed
under vacuum, leaving 0.094 g of the white microcrystalline solid
[EMI][Al(hfip)4] (82 % yield). NMR spectral data for this compound are
listed in Table 1.

Preparation of [N(nBu)4][Al(ORF)4]: The compounds [N(nBu)4]-
[Al(ORF)4] were prepared by mixing any one of six LiAl(ORF)4 compounds
with an equimolar amount of N(nBu)4Cl in dichloromethane. Of the seven
LiAl(ORF)4 compounds used in this study, only LiAl(hfBupp)4 was not
converted to the N(nBu)4

� salt. The resulting suspensions (LiCl is not
soluble in dichloromethane) were filtered through Celite and solvent was
removed under vacuum, leaving white microcrystalline solids. In a typical
reaction, LiAl(hfpp)4 (0.200 g, 0.199 mmol) and N(nBu)4Cl (0.055g,
0.199 mmol) were stirred in dichloromethane for 24 h at 25 8C. After
filtration and vacuum drying for 4 h, 0.23 g of the white microcrystalline
solid [N(nBu)4][Al(hfpp)4] was isolated (95 % yield). A 7Li NMR spectrum
of the solid did not show the presence of unreacted LiAl(hfpp)4. The signal/
noise ratio of this NMR experiment limits the amount of undetected
LiAl(hfpp)4 in the sample of [N(nBu)4][Al(hfpp)4] to �1 %. NMR spectral
data for this compound and for the other five [N(nBu)4][Al(ORF)4]
compounds that were prepared are listed in Table 1.

Physical measurements : NMR spectra were recorded by using a Varian
Inova-300 spectrometer operating at the indicated frequencies and with the
indicated chemical shift standards: 1H, 300.1 MHz, internal CHDCl2 (d�
5.32); 7Li, 116.6 MHz, external 1m aqueous LiNO3 (d� 0); 19F, 282.4 MHz,
internal C6F6 (d��ÿ162.59). Negative-ion electrospray mass spectra were
recorded using a Fisons VG Quattro-SQ mass spectrometer with a cone
voltage of 20 V.

Determination of acid dissociation constants : Acid dissociation constants
(pKa values) of the polyfluoroalcohols H(PFTB), H(HFPP) and H(HFCP)
were determined by potentiometric titration in water with 0.1m NaOH
using an Orion model 720A pH meter and an Orion Ross hydrogen-ion
electrode. Our measured pKa value for H(PFTB), 5.4, is in agreement with
the literature value.[14] Our measured pKa values for H(HFPP) and
H(HFCP) are 8.8 and 10.3, respectively. The pKa values for H(HFIP)
and H(HFTB), 9.3 and 9.6, respectively, were taken from the literature.[14]

No recognizable end point was observed in the titration of H(DPTE). The
low aqueous solubility of H(HFBuPP) prevented the measurement of its
pKa value in water. Instead, the apparent pKa value in 60:40 (v/v) DMSO/
H2O was determined as described in the literature (DMSO�dimethyl-
sulfoxide).[15] A plot of 60:40 (v/v) DMSO/H2O pKa values versus aqueous
pKa values for several fluoroalcohols is shown in Figure 1. Using this
method, we determined the aqueous pKa value of H(HFBuPP) to be 9.3.

Figure 1. Plot of aqueous vs 60:40 (v/v) DMSO/H2O pKa values. The
straight line is a linear least-squares fit to the data. Abbreviations:
H(PFTB)�HOC(CF3)3; H(HFPP)�HOCPh(CF3)2; H(HFIP)�
HOCH(CF3)2; H(HFTB)�HOCMe(CF3)2; H(TFE)�HOCH2CF3.

Conductivity measurements : Solution conductivities were measured at
25 8C in a helium-filled Vacuum Atmospheres glovebox with a Yellow
Springs Instrument Model 31A conductance bridge and a Model 3403 cell
that was calibrated for inverted use (cell constant k� 0.998 cmÿ1).
Solutions were prepared in the glovebox by adding acetonitrile to weighed
samples in 3 mL volumetric flasks. The conductivity of the acetonitrile used
was determined to be less than or equal to 1 mScmÿ1. The variations in

conductivity for a given compound for
replicate samples for a given batch of
compound and for different batches of
compound were no more than �2%.

X-ray crystallography : Crystals of
LiAl(hfip)4 were grown from a 10:1
(v/v) solution of benzene and hexa-
fluorobenzene at 25 8C. Crystals of
[EMI][Li{Al(hfip)4}2] were grown by
slow diffusion of hexanes into a satu-
rated dichloromethane solution of an
equimolar mixture of [EMI][Al-
(hfip)4] and Li(Al(hfip)4 at 25 8C. In
both cases, a suitable crystal was
examined under an argon atmosphere
and was placed in the cold nitrogen
stream of the low-temperature LT-2
unit of a Siemens SMART CCD
diffractometer system. The diffraction
data collection and subsequent struc-
tural computations were performed
using the crystallographic software
supplied by Siemens[16] or by Professor
G. M. Sheldrick.[17] Lorentz and polar-
ization corrections were applied to the

Table 1. 1H, 7Li, and 19F NMR data for Al(ORF)4
ÿ ions.[a]

d(1H) d(7Li) d(19F)

LiAl(hfip)4 4.54 (sp, JHF� 5.6 Hz) ÿ 1.34 ÿ 76.93
[TBA][Al(hfip)4] 4.49 (sp, JHF� 5.6 Hz) ÿ 77.26
[EMI][Al(hfip)4] 4.58 (sp, JHF� 5.9 Hz)
LiAl(hftb)4 1.50 ÿ 1.38 ÿ 79.77
[TBA][Al(hftb)4] 1.50 ÿ 79.83
LiAl(pftb)4

[b] ÿ 75.22
[TBA][Al(pftb)4] ÿ 75.64
LiAl(hfcp)4

[c] ÿ 1.14 ÿ 72.51
[TBA][Al(hfcp)4] [c] ÿ 72.07
LiAl(hfpp)4 7.71(d), 7.39(m), 7.22(m) ÿ 0.80 ÿ 75.30
[TBA][Al(hfpp)4] 7.76(d), 7.32(m), 7.18(m) ÿ 74.70
LiAl(dpte)4 7.26(m), 7.08(m) ÿ 1.42 ÿ 72.61
[TBA][Al(dpte)4] 7.26(d), 7.12(m), 6.99(m) ÿ 72.35
LiAl(hfBupp)4 7.65(d), 7.25(d), 1.25 ÿ 0.82 ÿ 75.32

[a] All spectra recorded in [D2]dichloromethane at 25 8C. All resonances were singlets or unresolved multiplets
unless otherwise indicated. HFIP�OCH(CF3)2, HFTB�OC(CH3)(CF3)2, PFTB�OC(CF3)3, HFCP�
OC(Cy)(CF3)2, HFPP�OCPh(CF3)2, DPTE�OCPh2(CF3), HFBuPP�OC(4-C6H4(tBu))(CF3)2, TBA��
N(nBu)4

�, EMI�� 1-Et-3-Me-1,3-C3H3N2
�, sp� septet, d�doublet, m� second-order multiplet. [b] This d(7Li)

value could not be determined because LiAl(pftb)4 is only sparingly soluble in [D2]dichloromethane.
[c] This NMR spectrum is included in the Supporting Information.
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data. Details of the crystallographic experiments and subsequent compu-
tations are listed in Table 2.[18, 19] The structures were solved by direct
methods and were refined using full-matrix least-squares procedures on F 2

for all data. Non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were placed in calculated positions. Selected interatomic bond
lengths and angles are listed in Table 3 and Table 4. Crystallographic data

(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-145394 (EMI� salt) and CCDC-
145395 (LiAl(hfip)4). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).

Results and Discussion

pKa values of the HORF polyfluoroalcohols : As discussed in
the Experimental Section, the aqueous pKa values of
H(HFIP), H(HFTB), and H(PFTB) were known. We deter-

mined the aqueous pKa values of
H(HFPP) and H(HFCP) for the
first time. We determined the 60:40
(v/v) DMSO/H2O pKa value of
H(HFBuPP) for the first time and
derived the aqueous pKa of this
alcohol using the graph shown in
Figure 1. We could not determine
the pKa value of H(DPTE) in either
solvent system. However, we can
estimate its aqueous pKa value by
assuming the linearity of substitu-
ent effects in two different series of
fluoroalcohols. In the first series,
the CF3/Ph substitution
H(PFTB)!H(HFPP) changes the
aqueous pKa from 5.4 to 8.8, a
change of �3.4 pKa units. There-
fore, the second CF3/Ph substitu-
tion H(HFPP)!H(DPTE) should
change the pKa again by�3.4 units,
from 8.8 to 12.2. In the second
series, the H/Ph substitution
H(HFIP)!H(HFPP) changes the
pKa from 9.3 to 8.8, a change of
ÿ0.5 pKa units. Therefore, the dou-
ble 2 H/2 Ph substitution
HOCH2CF3 (pKa� 12.8[14])!
H(DPTE) should change the pKa

by ÿ1.0 units, from 12.8 to 11.8. As
a result of this substituent analysis,
we estimate the aqueous pKa value
of H(DPTE) to be �12.

Table 2. Details of the X-ray diffraction study of LiAl(hfip)4 and [EMI][Li{Al(hfip)4}2].[a]

LiAl(hfip)4 [EMI][Li{Al(hfip)4}2]

formula C12H4AlF24LiO4 C30H19Al2F48LiN2O8

Mw [g molÿ1] 702.07 1508.37
T [K] 170 169
space group P1 P21/c
a [�] 10.1184(7) 14.5455(1)
b [�] 10.5213(7) 48.3469(8)
c [�] 11.6461(8) 16.5474(2)
a [8] 76.587(1) 90.000
b [8] 80.479(1) 113.887(1)
g [8] 65.032(1) 90.000
V [�3] 1,090.1(1) 10,639.7(2)
Z 2 8
1calcd [gcmÿ3] 2.139 1.883
dimensions [mm] 0.40� 0.20� 0.18 0.30� 0.38� 0.40
m [cmÿ1] 3.19 2.70
F(000) 680 5904
q range [8] 1.80 to 28.30 1.41 to 28.30
index range ÿ 11� h� 13 ÿ 19� h� 19

ÿ 14� k� 13 ÿ 64� k� 64
ÿ 14� l� 15 ÿ 21� l� 21

reflections collected 7230 67 198
independent reflections 4997 25 205
refinement method [b] [b]

data/restraints/parameters 4997/0/380 25 205/0/1 640
goodness-of-fit on F 2 1.019 0.955
final R indices [I> 2s(I)] R1� 0.0520 R1� 0.0977

wR2� 0.1213 wR2� 0.1595
R indices (all data) R1� 0.0822 R1� 0.3223

wR2� 0.1413 wR2� 0.2387
extinction coefficient 0.003(1) 0.00000(5)
largest difference peak/hole [e �3] 0.408/ÿ 0.427 0.355/ÿ 0.302

[a] EMI�� 1-Et-3-Me-1,3-C3H3N2
�. [b] Full-matrix least-squares on F 2.

Table 3. Selected bond lengths [�] and angles [8]for one of the two nearly
identical Li{Al(hfip)4}2

ÿ ions in the structure of [EMI][Li{Al(hfip)4}2].[a]

Li1ÿO1 2.06(1) Li1ÿO2 2.05(1)
Li1ÿO5 2.04(1) Li1ÿO6 2.02(1)
Li1ÿF7 2.83(1) Li1ÿF1 2.82(1)
Li1ÿF25 2.80(1) Li1ÿF31 2.66(1)
Al1ÿO1 1.775(4) Al1ÿO2 1.774(4)
Al1ÿO3 1.722(4) Al1ÿO4 1.712(5)
Al2ÿO5 1.763(4) Al2ÿO6 1.777(4)
Al2ÿO7 1.714(4) Al2ÿO8 1.722(5)

O1-Li1-O2 78.0(4) O1-Li1-O5 138.6(6)
O1-Li1-O6 117.8(5) O2-Li1-O5 112.5(5)
O2-Li1-O6 142.8(6) O5-Li1-O6 78.8(4)

[a] EMI�� 1-Et-3-Me-1,3-C3H3N2
�, HFIP�OCH(CF3)2.

Table 4. Selected bond lengths [�] and angles [8] for LiAl(hfip)4.[a]

LiÿO1 2.089(5) LiÿO2 2.166(6)
LiÿO2' 2.533(6) LiÿO4' 2.016(5)
LiÿF1 3.327(6) LiÿF3 2.366(6)
LiÿF11 3.055(6) LiÿF9' 2.414(6)
LiÿF19' 3.181(6) LiÿF20' 2.798(6)
AlÿO1 1.758(2) AlÿO2 1.771(2)
AlÿO3 1.690(2) AlÿO4 1.766(2)

O3-Al-O1 111.1(1) O3-Al-O4 112.1(1)
O1-Al-O4 112.41(9) O3-Al-O2 127.1(1)
O1-Al-O2 94.49(9) O4-Al-O2 98.17(9)
O1-Li-O2 75.0(2) O1-Li-O2' 89.9(3)
O1-Li-O4' 160.4(3) O2-Li-O2' 82.0(3)
O2-Li-O4' 97.5(2) O2'-Li-O4' 146.8(3)
F1-Li-F3 39.9(3) F1-Li-F11 56.5(3)
F1-Li-F9' 113.4(3) F1-Li-F19' 102.5(3)
F1-Li-F20' 77.5(3) F3-Li-F11 82.5(3)
F3-Li-F9' 79.2(3) F3-Li-F19' 68.8(3)
F3-Li-F20' 64.7(3) F11-Li-F9' 157.2(3)
F11-Li-F19' 97.2(3) F11-Li-F20' 56.4(3)
F9'-Li-F19' 63.4(3) F9'-Li-F20' 103.0(3)
F19'-Li-F20' 40.9(3)

[a] HFIP�OCH(CF3)2.
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Relative Lewis basicities of Al(ORF)4
ÿ ions : One of the most

important properties of a superweak anion is its Lewis basicity
with respect to the cation of interest. Several methods of
measuring or estimating the ªcoordinating abilityº of weakly
coordinating anions have been proposed.[2, 3] Most, if not all,
of these methods have limitations.[3] One of the most evident
limitations is the choice of reference cationic Lewis acid
(LA�), because each Lewis acid has a unique set of steric and
electronic properties that govern the position of the equili-
brium shown in Equation (1) (Xÿ and Yÿ are two anions
whose Lewis basicities are being compared).

LAÿX�Yÿ>LAÿY�Xÿ (1)

We chose Li� as the reference Lewis acid for this study
because it is the next most sterically innocent Lewis acid
cation after H� and because it forms stable, multidentate
complexes with Al(ORF)4

ÿ ions in low dielectric solvents, in
which the Li� cation coordinates to two polyfluoroalkoxide
oxygen atoms and to a number of fluorine atoms,[4, 6±10] as
shown in Figure 2 for LiAl(hfpp)4.[7, 10] This was essential

Figure 2. Structure of LiAl{OCPh(CF3)2}4, showing the trigonal-prismatic
LiO2F4 coordination sphere. The unlabeled open spheres are carbon atoms
and the unlabeled highlighted spheres are fluorine atoms. Hydrogen atoms
have been omitted for clarity.

because we wanted to measure the relative Lewis basicities of
Al(ORF)4

ÿ ions at their most basic sites, their four oxygen
atoms. Subsequent studies from our laboratory will examine
sterically more demanding Lewis acid cations, which might
only be able to coordinate to the fluorine atoms or other
substituents on the periphery of the anions.

We chose N(nBu)4
� salts of the Al(ORF)4

ÿ ions as the
source of ªfreeº Al(ORF)4

ÿ and [D2]dichloromethane as the
solvent because it has an optimum combination of low
dielectric constant (9.1 at 20 8C) and low donor number
(�0).[20] The version of the generic equilibrium [i.e., Eq. (1)]
that was used for this study is given in Equation (2).

LiAl(hfpp)4�Al(ORF)4
ÿ>LiAl(ORF)4�Al(hfpp)4

ÿ (2)

The equilibrium quotient is given by K� [LiAl(ORF)4]-
[Al(hfpp)4

ÿ]/[LiAl(hfpp)4][Al(ORF)4
ÿ] and is defined in this

study as the Lewis basicity of Al(ORF)4
ÿ relative to

Al(hfpp)4
ÿ with respect to the Lewis acid Li�. Therefore, a

small K value denotes a low Lewis basicity. Note that this
definition is based on the assumption that ion pairing
interactions between N(nBu)4

� and the different Al(ORF)4
ÿ

ions are constant and do not affect the magnitude of K.
We monitored the positions of the equilibria represented

above by 19F NMR spectroscopy. It was previously shown that
the 19F NMR spectrum of LiAl(hfpp)4 in [D14]methylcyclo-
hexane at 25 8C is consistent with a single fluorine-atom
environment.[10] This observation, plus the observed average
J(7Li19F) value of 2.4 Hz, indicated a rapid intramolecular
exchange of all 24 fluorine atoms under these conditions.[10]

We have now found that the fluorine atoms in LiAl(hfpp)4

also exhibit rapid intramolecular exchange in [D2]dichloro-
methane at 25 8C, although the J(7Li19F) value was sufficiently
small that the 1:1:1:1 quartet was not resolved. However, the
width of the 19F resonance became significantly more narrow
upon 7Li decoupling; it changed from 6.35 Hz with no
decoupling to 4.95 Hz with broad-band 7Li decoupling. (In
addition, the 7Li NMR spectrum of LiAl(hfpp)4 in [D2]di-
chloromethane at 25 8C showed a single resonance, the width
of which changed from 12.75 Hz to 5.09 Hz upon broad-band
19F decoupling.) Cooling the solution to ÿ70 8C did not result
in a slow-exchange spectrum that would be consistent with a
structure similar to that shown in Figure 2. These results,
along with the lack of resonances due to free Li� or free
Al(hfpp)4

ÿ, indicate that the extent of dissociation of
LiAl(hfpp)4 into its constituent ions in dichloromethane
solution is less than or equal to 1 %. We suspect that the
same is true for the other LiAl(ORF)4 compounds used in this
study.

In contrast to the lack of intermolecular exchange of Li�

and Al(hfpp)4
ÿ ions solution of LiAl(hfpp)4 in dichloro-

methane, the 19F NMR spectrum of an equimolar mixture of
LiAl(hfpp)4 and [N(nBu)4][Al(hfpp)4] in [D2]dichlorome-
thane at 25 8C revealed rapid intermolecular exchange of free
and Li�-coordinated Al(hfpp)4

ÿ ions. At this temperature, the
mixture exhibited only one resonance, d�ÿ75.00, which is
the average of the d values for the individual compounds (see
Table 1). When the sample was cooled to ÿ70 8C, two signals
for the individual compounds were observed, as shown in
Figure 3 (the d values for individual samples of LiAl(hfpp)4

Figure 3. 19F NMR spectrum (CD2Cl2) of an equimolar mixture of
LiAl(hfpp)4 and [N(nBu)4][Al(hfpp)4] at ÿ70 8C. Note that the linewidth
of the LiAl(hfpp)4 resonance is slightly larger than for the
[N(nBu)4][Al(hfpp)4] resonance. The small peak marked with an asterisk
is an impurity.
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and [N(nBu)4][Al(hfpp)4] at ÿ70 8C are ÿ76.12 and ÿ75.70,
respectively). Since any dissociation of LiAl(hfpp)4 into free
ions at 25 8C is much slower than the exchange rate observed
for the mixture at 25 8C, we propose that the exchange of free
and coordinated Al(hfpp)4

ÿ ions occurs by an associative
mechanism such as the one shown in Scheme 1. As will be
discussed below, the proposed Li(Al(ORF)4)2

ÿ intermediate
was observed in solution and isolated in the solid state in the
case of ORF�HFIP.

Scheme 1. Proposed mechanism of exchange of free and Li�-coordinated
Al(ORF)4

ÿ ions in dichloromethane solution. The idealized symmetry of
the Li(Al(ORF)4)2

ÿ ion is D2h or D2d.

A typical Lewis basicity determination consisted of exam-
ining the 19F NMR spectrum of an equimolar mixture of
LiAl(hfpp)4 and the N(nBu)4

� salt of a different Al(ORF)4
ÿ

ion in [D2]dichloromethane at 25 8C. Due to the rapid
intermolecular exchange, only two 19F signals were observed
for the four species involved in the equilibrium shown in
Equation (2), one signal for free and coordinated Al(hfpp)4

ÿ

and one signal for free and coordinated Al(ORF)4
ÿ. The

equilibrium quotient, K, was determined from the d values of
the two observed resonances using Equations (3) and (4),[21] in
which N is the mole fraction of the indicated species.

d(hfpp)obs�N(Al(hfpp)4
ÿ)d(Al(ORF)4

ÿ)�
N(LiAl(ORF)4)d(LiAl(ORF)4) (3)

d(ORF)obs�N(Al(ORF)4
ÿ)d(Al(ORF)4

ÿ)�
N(LiAl(ORF)4)d(LiAl(ORF)4) (4)

In some cases, mixtures of [N(nBu)4][Al(hfpp)4] and
LiAl(ORF)4 were also studied so that the equilibrium would
be approached from the other direction. The same K values
were observed regardless of the direction of the approach to
equilibrium. When the 19F d value of a particular Al(ORF)4

ÿ

ion was close to that of Al(hfpp)4
ÿ, a different mixture of

compounds was used and K values were determined from
ratios of the measured equilibrium quotients.

The K values (i.e. , the relative Lewis basicities) for six of
the seven Al(ORF)4

ÿ ions examined in this study were
determined in this manner. For Al(pftb)4

ÿ and Al(dpte)4
ÿ,

the equilibria represented by Equation (2) were so far to the
left and right, respectively, that only upper and lower limits for

K of 0.001 and 1 000, respectively, could be determined. For
reasons that will be discussed in the next section, the K value
for Al(hfip)4

ÿ could not be determined. The six K values are
listed in Table 5, which also lists the aqueous pKa values of the
corresponding fluoroalcohols, the formula-unit volumes of

four of the seven LiAl(ORF)4 compounds, and the conductiv-
ities of the seven LiAl(ORF)4 compounds in acetonitrile.
There is no correlation between K and the formula-unit
volume (i.e., between K and the size of the Al(ORF)4

ÿ ion).
However, there is a strong, nearly linear correlation between
K and the Brùnsted basicity of the corresponding ORF

ÿ

alkoxide ion, as shown in Figure 4. The order of increasing

Figure 4. Plot of log K for the exchange reaction
LiAl(hfpp)4�Al(ORF)4

ÿ>LiAl(ORF)4�Al(hfpp)4
ÿ versus aqueous pKa

value for the corresponding parent fluoroalcohol. The log K values for
Al(pftb)4

ÿ and Al(dpte)4
ÿ represent upper and lower limits, respectively.

The straight line is a linear least-squares fit to the four central data points.
Note that log K is defined as 0 for the Al(hfpp)4

ÿ ion.

Lewis basicity is Al(pftb)4
ÿ<Al(hfpp)4

ÿ<Al(hfBupp)4
ÿ�

Al(hftb)4
ÿ<Al(hfcp)4

ÿ<Al(dpte)4
ÿ. These results indicate

that the relative Lewis basicities of these six Al(ORF)4
ÿ for

Table 5. Equilibrium quotients, pKa values, formula unit volumes, and
conductivites.

ORF
[a] K[b] pKa

of HORF
[c]

Formula unit
volume

Conduc-
tivity

of LiAl(ORF)4

[�][d]

of LiAl(ORF)4

[mS cmÿ1][e]

PFTB � 0.001 5.4 0.927
HFPP 1 8.8 977.0 0.883
HFBuPP 11 9.3 0.786
HFTB 17 9.6 1.02
HFCP 50 10.3 1047 0.883
DPTE � 1� 103 � 12 1196 0.750
HFIP 9.3 545.0 1.02
TFE 12.8

[a] PFTB�OC(CF3)3, HFPP�OCPh(CF3)2, HFBuPP�OC{4-C6H4-
(tBu)}(CF3)2, HFTB�OC(CH3)(CF3)2, HFCP�OC(Cy)(CF3)2, DPTE�
OCPh2(CF3), HFIP�OCH(CF3)2, TFE�OCH2CF3. [b] Equilibrium quo-
tient for the reaction of LiAl(hfpp)4�Al(ORF)4

ÿ>LiAl(ORF)4�
Al(hfpp)4

ÿ ([D2]dichloromethane, 25 8C). [c] Aqueous pKa value. [d] From
X.ray structure determinations. [e] Conductivity of solutions in acetonitrile
(0.01m).
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Li� in dichloromethane depend only on the corresponding
Brùnsted basicities of the parent fluoroalkoxides and not on
the steric properties of the various substituents on the
fluoroalkoxides. In an important related study, Krossing
proved that the Al(pftb)4

ÿ ion is a weaker Lewis base than
the Al(hfip)4

ÿ ion for Ag� by showing that the equilibrium in
Equation (5) lies to the right for Al(hfip)4

ÿ but lies to the left
for Al(pftb)4

ÿ (L� 1,2-C2H4Cl2).[5]

[Ag(L)3]�[Al(ORF)4]ÿ(s)> [Ag(L)2{Al(ORF)4}](s)�L(l) (5)
ionic compound molecular compound

no AgÿO(Al) bonds two AgÿO bonds

On the basis of an analysis of 27Al NMR line widths,
Krossing also concluded that the order of basicity towards
either Ag� or Li� in [D]chloroform is Al(pftb)4

ÿ<Al-
(hfip)4

ÿ<Al(hftb)4
ÿ.[5]

The conductivites of solutions of the seven LiAl(ORF)4

compounds in acetonitrile (0.01m) are listed in Table 5. There
is no correlation between anion basicity in dichloromethane
and Li� salt conductivity in acetonitrile (ACN). The equilibria
that govern conductivity are given in Equation (6) (all species
are solvated by acetonitrile, ACN).

LiAl(ORF)4 )*
ACN

[Li(ACN)4Al(ORF)4] )*
ACN

Li(ACN)4
��Al(ORF)4

ÿ

(6)

The coordinating ability of Al(ORF)4
ÿ (i.e., the Lewis

basicity of Al(ORF)4
ÿ) only affects the position of the first

equilibrium in Equation (6); the position of the second
equilibrium is related to the ion pairing ability of Al(ORF)4

ÿ,
not its coordinating ability. In addition, conductivity depends
on cation and anion mobilities and on solution viscosity, which
almost certainly vary as a function of the aluminate RF groups,
because these groups have very different sizes. Therefore, we
conclude that the measurement of solution conductivities of
simple salts of weakly coordinating anions is an imperfect way
to gauge the relative Lewis basicities of anions.

The Li{Al(hfip)4}2
ÿ aggregate ion : It was not possible to

determine the Lewis basicity of Al(hfip)4
ÿ by the 19F NMR

procedure described above. The 19F NMR d value of the
exchange-averaged resonance was not the simple mole-
fraction-weighted average of the d values for LiAl(hfip)4

and [N(nBu)4][Al(hfip)4], in contrast to the behavior of
mixtures of the other Al(ORF)4

ÿ compounds. Instead of
decreasing monotonically from d ÿ76.93 to d ÿ77.26, the
observed d value first increased until the mole ratio of the two
compounds was �0.8 and then decreased, as shown in
Figure 5. In addition, the 7Li NMR resonance for mixtures
of LiAl(hfip)4 and [N(nBu)4][Al(hfip)4] did not have the same
d value as the compound LiAl(hfip)4 itself, again in contrast to
the behavior of mixtures of the other Al(ORF)4

ÿ compounds.
Furthermore, the 7Li NMR d value changed when the ratio of
the two compounds was changed.

The NMR behavior described above requires the formation
of at least one new complex containing the Al(hfip)4

ÿ ion
which has a 19F NMR d value more positive than ÿ76.93.
Since the oxygen atoms in the Al(hfip)4

ÿ ion should be

Figure 5. 19F NMR d value (CD2Cl2, 25 8C) versus [N(n-Bu)4][Al(hfip)4]/
LiAl(hfip)4 mole ratio for mixtures of [N(nBu)4][Al(hfip)4] and LiAl-
(hfip)4. The curve is the weighted-average d value for these two compounds
versus the mole ratio. The data clearly indicate that at least one new HFIP-
containing species has formed and is in rapid exchange with both
LiAl(hfip)4 and the free Al(hfip)4

ÿ ion.

sterically more accessible than the oxygen atoms of the six
other Al(ORF)4

ÿ ions, we propose that the new species formed
in solution is the Li{Al(hfip)4}2

ÿ aggregate ion. This ion has
the same composition as the proposed intermediate for
associative exchange of Al(ORF)4

ÿ ions depicted in Scheme 1.
The important difference is that the concentration of
Li{Al(hfip)4}2

ÿ is significant when equimolar amounts of
LiAl(hfip)4 and [N(nBu)4][Al(hfip)4] are present in dichloro-
methane, whereas the concentrations of the other six
Li{Al(ORF)4}2

ÿ aggregate ions are so low that they cannot
be detected by NMR spectroscopy. A similar aggregated
species with a Li{Al(hfip)4}2

ÿ core was proposed by Krossing
to explain variable-temperature 7Li NMR results for LiAl-
(hfip)4 dissolved in [D]chloroform containing diethyl ether.[5]

We isolated the Li{Al(hfip)4}2
ÿ aggregate ion in the solid

state as its EMI� salt. The structure of one of the two nearly
identical anions is shown in Figure 6 (the structures of the two
nearly identical cations are normal). Selected bond lengths
and angles are listed in Table 3. The structure of the anion,
which has no crystallographic symmetry but which has
idealized D2d symmetry, consists of a central Li� cation
bonded to four oxygen atoms, two from each of its Al(hfip)4

ÿ

ions. The Al1-Li1-Al2 angle is greater than 1748. The
Li� cation is also bonded to four fluorine atoms, each
one from four different CF3 groups, forming five-membered
Li-F-C-C-O chelate rings.

Each of the two Al(hfip)4
ÿ ions in the aggregate anion

complex acts as a tetradentate O2F2 chelating ligand. The
Li1ÿO bond lengths range from 2.03(1) to 2.05(1) �. The
Li1ÿF bond lengths are more than 30 % longer and range
from 2.77(2) to 2.82(2) �. The next shortest LiÿF contact
is>3.5 �. The LiO4F4 coordination sphere for Li1, two views
of which are shown in Figure 6, can be described as a distorted
square antiprism, which is a common geometry for eight-
coordinate Li� ions.[22] The O1-F1-O6-F31 and O2-F7-O5-F25
least-squares planes are coplanar to within 0.11 �. The
dihedral angle between these two planes is only 18. The Li1
atom is 1.16 � from the centroid of the former plane and
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Figure 6. Drawing of one of the two nearly identical Li(Al(hfip)4)2
ÿ ions in

the structure of [EMI][Li{Al{OCH(CF3)2}4}2] and two views of the LiO4F4

coordination sphere (50 % probability ellipsoids; hydrogen atoms omitted
for clarity). Selected bond lengths (�): Li1ÿO1, 2.06(1); Li1ÿO2, 2.05(1);
Li1ÿO5, 2.04(1); Li1ÿO6, 2.02(1); Li1ÿF7,2.83(1); Li1ÿF1, 2.82(1);
Li1ÿF25, 2.80(1); Li1ÿF31, 2.66(1).

1.23 � from the centroid of the latter plane. The centroid-Li1-
centroid angle is 1768.

The four LiÿF bonds in each Li{Al(hfip)4}2
ÿ ion, although

clearly weaker than the four LiÿO bonds, are still significant
as far as the sums of the lithium bond valences for the two
Li{Al(hfip)4}2

ÿ ions, 1.00� 0.01, is concerned (since the
valence of lithium is �1, the sum of lithium bond valences
should be within a few percent of 1.00).[23] The sum of the LiÿF
bond valences is 20 % of the total in each of the two
Li{Al(hfip)4}2

ÿ ions (tables of bond valences for the com-
pounds discussed in this paper are given in the Supporting
Information). There are no fluorine atoms in the structure of
LiNb(OEt)6, which contains four LiÿO bonds in a D2d-
distorted tetrahedral array and with an average LiÿO bond
length of 1.94(3) �.[24] There are no other bonds to the Li� ion.
In this case, the four LiÿO bonds are shorter than the four
LiÿO bonds in Li{Al(hfip)4}2

ÿ and, not surprisingly, the sum of
LiÿO bond valences in LiNb(OEt)6 is 0.98. In the recent
report of the structure of the related anionic species
Li{Nb(OC6F5)6}2

ÿ,[11] the authors described the lithium coor-
dination sphere as square-planar, which, if true, would be
unique for a LiO4 coordination unit.[22] We have found that the
sum of the four LiÿO bond valences for Li{Nb(OC6F5)6}2

ÿ is
only 0.80. Therefore, we suspect that the Li{Nb(OC6F5)6}2

ÿ ion
also contains LiÿF interactions not mentioned by the authors.
An analysis of their structural results revealed four such LiÿF
interactions, two at 2.614(4) � and two at 3.159(4) �, giving a
sum of LiÿF bond valences of 0.19 and a total lithium bond
valence sum of 0.99 (the sum of van der Waals radii for
lithium and fluorine is �3.3 �[25]). Therefore, the lithium

coordination sphere in Li{Nb(OC6F5)6}2
ÿ is best represented

as LiO4F4, the same as in the Li{Al(hfip)4}2
ÿ ion.

Structure of LiAl(hfip)4 : In related work that has been or that
will be published elsewhere, we have determined the struc-
tures of LiAl(hfpp)4,[7, 10] LiAl(hfcp)4,[9] LiAl(dpte)4,[9] and
LiAl{OC(4-C5H4CH3)(CF3)2}4.[8] Each of these compounds
has two, and only two, LiÿO(Al) bonds in addition to a
number of longer, but important, LiÿF bonds. The structure of
the Li{Al(hfip)4}2

ÿ ion suggested that a different structural
motif might be possible for LiAl(hfip)4, and we have now
found this to be the case. The structure of LiAl(hfip)4 is shown
in Figure 7. Selected bond lengths and angles are listed in

Figure 7. Drawing of the centrosymmetric [{LiAl{OCH(CF3)2}4}2] dimer in
the structure of LiAl{OCH(CF3)2}4 and two views of the lithium coordi-
nation sphere (50 % probability ellipsoids; hydrogen atoms omitted for
clarity). Selected bond lengths (�): LiÿO1, 2.089(5); LiÿO2, 2.166(6);
LiÿO2', 2.533(6); LiÿO4', 2.016(5); LiÿF1, 3.327(6); LiÿF3, 2.366(6);
LiÿF11, 3.055(6); LiÿF9', 2.414(6); LiÿF19', 3.181(6); LiÿF20', 2.798(6).

Table 4. The structure of this compound consists of centro-
symmetric dinuclear molecules composed of two Li� and two
tetrahedral Al(hfip)4

ÿ ions. Each Al(hfip)4
ÿ ion donates three

of its four oxygen atoms to the Li� cations, one each to the two
Li� cations and a third that bridges the two Li� cations
forming a planar Li2O2 core. Each Li� cation is also bonded to
six fluorine atoms from four different CF3 groups. The sums of
LiÿO and LiÿF bond valences are 0.64 and 0.32, respectively.
Therefore, the LiÿF bond valences contribute 33 % of the
total lithium bond valence sum, which is 0.96. As expected,
the AlO4 core is distorted from a tetrahedral geometry. Since
O3 does not bond to the Li� ions, the AlÿO3 bond length,
1.690(2) �, is considerably shorter than the other three AlÿO
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bonds, which range from 1.758(2) to 1.771(2) �. The O1-Al-
O2 and O2-Al-O4 bond angles are 94.49(9) and 98.17(9)8. The
other four O-Al-O angles range from 111.1(1) to 127.0(1)8.
The LiO4F6 coordination sphere, shown in Figure 7, is much
less symmetric than the LiO4F4 coordination spheres in the
Li{Al(hfip)4}2

ÿ and Li{Nb(OC6F5)6}2
ÿ ions. The four oxygen

ligands occupy one hemisphere and the six fluorine ligands
occupy the other hemisphere. The LiÿO1, LiÿO2, LiÿO2', and
LiÿO4' bond lengths are 2.089(5), 2.166(6), 2.533(6), and
2.016(5) �, respectively. The LiÿF bond lengths range from
2.366(6) to 3.327(6) � (the next shortest LiÿF length is
>3.5 �). Ignoring the two longest LiÿF bonds, each of which
has a bond valence of less than 3 % of the total, the remaining
LiO4F4 coordination sphere can be described as a highly
distorted square antiprism. A view of the truncated LiO4F4

coordination sphere is also shown in Figure 7. The four-atom
least-squares planes indicated by the dashed lines in Figure 7
are much less planar than in the Li{Al(hfip)4}2

ÿ ion, and the
two planes make a dihedral angle of 158. By comparing the
lower-right drawings in Figure 6 and Figure 7, one can clearly
envision that the hypothetical transformation 2 [LiAl-
(hfip)4]2(s)�EMI�(g)! [EMI][Li{Al(hfip)4}2](s)�Li�(g)
would require only a modest amount of coordination-sphere
rearrangement around the remaining Li� ion. Furthermore,
by comparing the upper drawings in Figure 6 and Figure 7, one
can understand why these structures would be destabilized if
the HFIP substituents were exchanged for any of the other,
sterically more demanding, ORF substituents.
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